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ABSTRACT 

Elevation of cAMP downregulates certain functions of inflam- 
matory cells, including the release of TNFa and IL-10 by mac- 
rophages. Intracellular cAMP levels can be modulated pharma- 
cologically by adding cell -permeable cAMP analogs, by 
stimulating adenylate cyclase or by inhibiting degradation of 
cAMP by cAMP-phosphodiesterases (cAMP-POE). Multiple 
forms of cAMP-PDEs have been identified in various tissues 
and cells using both biochemical characterization and selective 
inhibitors. Therefore, we wanted to determine which of these 
different PDE isoforms was present in human monocytes and 
whether this isoform could regulate cytokine release from hu- 
man monocytes by a mechanism similar to that seen with 
dbcAMP or PGE V Our results demonstrate that selective inhib- 
itors of type IV cAMP-POE, such as rolipram and Ro20-1724, 
are clearly the most effective compounds at enhancing cAMP 
levels and inhibiting the release of TNFa and IL-1/3 in these 



cells. The type III cAMP-PDE-selective inhibitors CI930 and 
cilostamide and the nonselective PDE inhibitors IBMX and pen- 
toxifylline were significantly less potent. In agreement with 
these data, cAMP-PDE activity in cytosolic extracts from hu- 
man monocytes was also much more sensitive to inhibition by 
rolipram than by cilostamide. Additionally, rolipram dramatically 
reduced TNFa mRNA accumulation, which supports previous 
findings that cAMP regulates TNFa at the transcriptional level. 
Surprisingly, rolipram. dbcAMP or PGE, increased IL-1 j3 mRNA 
levels even though secretion of IL-10 was reduced, which 
indicates that cAMP can have both positive and negative ef- 
fects on the regulation of IL-10. Our results suggest that iso- 
types of type IV cAMP-PDE could provide a useful target for 
therapeutic intervention in inflammation and other diseases 
where TNFa and IL-10 are involved in their etiology. 



Activated monocytes and macrophages produce and se- 
crete IL-1/3 and TNFa in response to a variety of soluble and 
particulate stimuli (Sisson and Dinarello, 1989; Wong and 
Goeddel, 1989). These cytokines mediate chronic and acute 
inflammatory responses and are therefore important thera- 
peutic targets in rheumatoid arthritis, septic shock and other 
inflammatory diseases (Hopkins, 1990). cAMP plays an im- 
portant role in the regulation of these cytokines by modulat- 
ing their release into inflamed tissues ( Brand wein, 1986; 
Renzer ol, 1988). 

Evidence that cAMP inhibits production of TNFa by LPS- 
stimulated murine peritonea! exudate macrophages or hu- 
man monocytes and related cell lines has been obtained by 
treating these cells with dbcAMP or with prostaglandins to 
stimulate adenylate cyclase (Renz et qL, 1988; Scales et cil., 
1989; Endres et ai , 1991). Either of these treatments reduces 



Received for publication September 6. 1994. 



the amount of detectable mRNA for TNFa, which indicates 
that cAMP regulates this cytokine at the transcriptional level 
(Scales et ai, 1989). Similar results are reported when cAMP 
levels are elevated by exposing these cells to nonspecific 
inhibitors of cyclic nucleotide PDEs such as theophylline, 
IBMX or pentoxifylline (Endres et ai, 1991). Studies with 
these PDE inhibitors, however, only reported changes in 
secreted TNFa without measuring mRNA levels. In addition, 
many of the effects seen after treatment with methylxan- 
thine-based PDE inhibitors can be attributed to factors other 
than changes in cAMP levels (Krzanowski and Poison, 1988). 

Conflicting reports have been published regarding the in- 
hibition of IL-1 production by cAMP-regulating compounds. 
Some authors report that total Hrl production is not inhib- 
ited in human mixed mononuclear cells or adherent mono- 
cytes after treatment with PGE 2 or nonspecific PDE inhibi- 
tors (Endres et al, 1991; Bailly et al. 1990). On the other 
hand, indomethacin is often added to prevent synthesis of 
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prostaglandins to enhance production of IL-1 (Dinurello e/ 
aL, 1987). More recent studios report that dbcAMP and PGE, 
reduce the amount of secreted IL-lj3 from LPS-stimulated 
adherent monocytes without affecting steady-state mRNA 
levels or cell-associated IL-I/3 (Knudsen et aL, 1986: Viher- 
luoto et aL, 1991). These conflicting observations may arise 
from the use of bioassoys rather than immunologically based 
EL1SA or RIA assays to quantitate IL-1/3 or from differences 
in cell preparations and culture conditions. Nevertheless, the 
undisputed negativo cfFccts of cAMP-elevating agents on 
TNFa: production and the possible down regulation of 1L-1/3 
secretion suggest that enzymes regulating intracellular 
cAMP levels provide good targets for modulating monocyte 
activation. 

At least five different families of PDE enzymes, each with 
multiple members, have been identified (Beavo and Reifsny- 
di?r, 1990; Nicholson et aL, 1991: Silver, 1989). These en- 
zymes differ in I) substrate selectivity for cAMPus. cGMP, 2) 
regulation by Ca ' Vcalmodulin, cGMP or transducin. 3) tis- 
sue and subcellular distribution, 4) physical characteristics 
and 5 1 sensitivity to selective PDE inhibitors. The type 1 
enzymes are regulated by calmodulin and do not discrimi- 
nate well between cAMP and cGMP. On the other hand, type 
V PDEs are very selective for cGMP and are abundant in the 
retina and in platelets. PDEs with high affinity fur cAMP are 
grouped as cGMP-inhibited type HI or cGMP- resistant type 
IV PDEs on the basis of their sensitivity to cGMP. Type IV 
PDEs are very selective for cAMP. but type III PDEs degrade 
cAMP or cGMP with similar kinetics. 

Although most tissues and cells can express multiple forms 
of PDEs, recent studies have demonstrated that human neu- 
trophil* and basophils contain predominantly type IV cAMP- 
PDE. Their activation is severely dampened by selective in- 
hibitor* of type IV (rolipram, Ro20-I724) but not by 
inhibitors of type III cAMP-PDE (CI930. cilostamide, milri- 
none) or by inhibitors of type V cGMP-PDE (zaprinast) 
(Verghese et al, 1989; Nielson et aL, 1990, PeacheH et aL, 
1992). It has also been shown that type IV cAMP-PDE is 
present in monocytic cells (Thompson et o/., 1976: Torphy et 
aL, 1992) and that rolipram is also much more effective than 
C1930 in reducing TNFn secretion from human monocytes 
(Molnar-Kimberef aL, 1992; Semmler et aL, 1993). However, 
these reports did not address the mechanism by which roli- 
pram affects monocyte activation. Such studies are impor- 
tant because rolipram and other PDE IV inhibitors exhihit 
significant discrepancies between their nanomolar affinity 
for binding and their micromolar IC 50 values for inhibition of 
PDE IV activity ; Lowe et aL , 1991; Torphy et aL , 1992). In the 
current study, we investigated whether inhibition of cytokine 
secretion by inhibition of PDE was mediated through in- 
creases in cAMP levels. Therefore, we compared the effects of 
a series of selective PDE inhibitors on cAMP levels, on cyto- 
kine production and on cytokine mRNA levels in intact mono- 
cytes and determined the pharmacological profile of mono- 
cyte cAMP-PDE activity. Our studies demonstrate that 
monocytes resemble other circulating inflammatory cells in 
that type IV c AMP- PDE appears to be the functionally pre- 
dominant PDE to regulate cAMP degradation. Inhibitors of 
cAMP-PDE IV appear to regulate TNF« and 1L-1/3 produc- 
tion by mechanisms similar to those utilized by dbcAMP and 
by PGE. This suggests that selective inhibitors of type IV 
cAMP-PDE could be potent pharmacological agents for the 



treatment of diseases in which the release uf TNFnr and lL-]/i 
from human monocytes is thought to be important for their 
etiology. 

Materials and Methods 

Isolation and culture of human monocytes. Ilepttrmized f 10 
U/ml) venous blood obtained from healthy volunteers was diluted 1 > 
with pyrogen -free phosphate-buffered saline iGibco, Grand Island, 
.MY j containing 5 mM KDTA 'PBS-E>. Mononuclear rplU wore then 
separated by sedimentation over lymphocyte separating medium 
tOrganon Technica. Durham. XOand further purified hy elutriation 
as described previously when large numbers of monocytes were 
needed for PDE assays 'Verghese t't a/., 1986) For cAMP and cyto- 
kine assays, monocytes were enriched by adhering cells for 30 min in 
96-well flat-bottom plates ■ Falcon 3072) under nonnal tissue culture 
conditions in RPMU640 supplemented with penicillin/streptomycin 
and 2.5'Sr heat-inactivated pooled human AB serum. Nonadherent 
cells were washed off by vigorously rinsing each well two times with 
warm FHS. This procedure resulted in >Wt peroxidase -positive 
cells. The wells were replenished with the same culture medium 

Measurement of cAMP and cytokines. Adherent cells were 
exposed to test compounds or vehicle 'DMSO* for 15 min before 
stimulation with 1 ng/ml of £. colt 0111:H4 LPir 'Sigma L-263(k Knr 
cAMP measurements, plates were frozen in liquid nilrcgen after a 
15-min treatment with LPS to reflect initial levels of cAMP. which 
typically peak al this time ■ Seek kola et at.. 1692j. We quantitatrrl 
total cAMP levels < extra- and intracellular' with a scintillation prox- 
imity assay I Amersbnm. Arlington Heights. ILi after lysinjz the cell? 
with 0. V'< Triton X-100 All samples were done in triplicaze and were 
repeated with at least three separate donors The data were evalu- 
ated for .statistical significance by analysis of van a nee uSnedecnr. 
1956). For cytokine assays. LPS stimulation was continued for 18 hi*, 
and then the plates were centrilu^ed and half of the supernatant w.i» 
removed to measure secreted IL-l/i. TNTr* or 1 1. -8. Where indicated, 
cell-associated IL-lp was assayed atler disrupting cells with three 
freeze-thaw cycles fDinarello et al.. 1 yfiT Cell damage was assessed 
hy measuring release of LOH in the fresh supernatant* with a Sigma 
kit 'St. Louis. MO). IL-l/i was measured by a C.'islmn KLISA kit 
iPine Hrook. NJi. and TNFa and II.-H were measured by RandD 
Systems EL1SA kit? 'Minneapolis, MNv The limits of detection for 
the IL- 1/3. TNFo and IL-8 kits were 20 pg'ml. 10 pginl and 5 pgir.l. 
respectively. 

Northern hlot Analysis of mRNA from peripheral blood 
monocytes. Pnly A- KNA was tsolaled from 'i-hr-treated and from 
untreated monocytes using the Micro Fa sttrack kit 1 Inviirogon Int.. 
San Diego. CA! according to the manufacturers instructions. Ap- 
proximate^ 1 fxg of Poly A - RNA was separated by electrophoresis 
on a l't agarosc-formnldehyde £el and blotted to a nitrocellulose 
filter in 10^ SSC r 1.5 M NaCl, 0. to M Na ;i citrate, pH 7.0>. The fitter 
was naked at 80 'C for 2 hr, prehybridized in o(K-i formamide. 1 - 
SSC, 50 mM NaPO,. SD3, 1 x Denbardt's reagent 'Chirjrwin et 
al.. 1979: Sambrouk if/ a) . 1989* overnight at 37 C and hybridized 
overnight at 37 { C to a specific oligonucleotide pmlK) for TNFa »»V 
OfiC CTC CTC GGC CAG CTC CAC GTC CCO GAT CAT OCT TTC 
AGT GCT CAT 3' » or IL-lp <5' GCC ACT CTA ATA ACG CAT CAT 
TTC ACT GGC GAG CTC AGG TAC TTC TGC CAT 3" » labeled with 
^P-dATP using terminal deoxynueleotidyl transferase iGibco-URL>. 
The blots were washed twice with 0. 1 x SSC, 0. ltt SDS at 55 'C for 30 
min ami exposed In X-ray fihr. Kadioactive bands svere quantitated 
with a radioanalylical imager (AM BIS Co.. San Die»o, CA'. and the 
resulting values were normalized to values obtained after hybridiza- 
tion to n :r -P- labeled, /4-act in -specific oligonucleotidr prohe CAT 
GCC GGA GCC GTT GTC GAC GAC GAG CGC GGC GAT ATC ATC 
ATC; CAT 3 ). The normalized values were plotted as a percent 
maximum es. lime. 

Measurement of PDE activity. Elutriated monocytes (80V 
90^ peroxidase-positive) were washed and resuspended to n ^ 10' 
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cells/ml in lysis buffer (20 mM Tris pH 7.3, 100 mM NaCI, ft mM 
EGTA, 2 mM EDTA, 10 ng/ml each of leupeptin and aprotinin. 07 
fig/ml pepstatin, 100 Mg/ml soybean trypsin inhibitor, 100 jiM "Pe- 
fabloc," 0.05% digitoninj. Tubes were kept on ice for 5 min and then 
centrifuged for 5 min at 13000 x g. Supernatant* were diluted before 
PDE activity was determined by a modification of the two-step reac- 
tion using 5' nucleotidase to convert 5' AMP to adenosine (Thompson 
et ai, 1976). Assays (.50 ^1 final volume) contained 2 mM Tris pH 7.5, 
1 mM MgCl 2 , 100 ixM EDTA, 330 ug/ml metal-free BSA, 10 fig/ml 
5' -nucleotidase, 0.4 M Ci *H cAMP (0.28 mM cAMP), 0.004 uCi ,4 C 
adenine. 10 ^M of inhibitor or vehicle (DMSO) and 5 ^1 of diluted 
enzyme. Incubations were initiated by adding the radioisotopes and 
were terminated after 30 min at 30^0 by transferring the samples to 
a Millipore 96-well filter plate containing 200 /il of a 5Q# slurry of 
QAE-Sephadex A-25 in 10 mM Hepes pH 7. After mixing for 5 min. 
the filtrate was collected and aliquots were mixed with scintillation 
cocktail and counted for dual label. The resulting values from an 
average of triplicate determinations were adjusted for differences in 
recovery and expressed as pmol cAMP/min/rng protein. 

Materials. The following drugs and chemicals were kindly pro* 
vided by or obtained from the sources indicated: PGE,. dbcAMP, 
IBMX, 5'-nuc]eotidase and digitonin 'Sigma Chemical Co., St. Louis. 
MO). 4-(2-aminoethyb henzenesulfonyl fluoride fPefabloc") (Boehr- 
inger Mannheim, Indianapolis, INi, QAE-Sephadcx 1 Pharmacia. Up- 
psala. Sweden), rolipram fSchering AG, Bloomfield, NJj. Ro20-l724 
•BioMol Research Laboratories, Plymouth Meeting, PA», C'1930 
» Parke-Davis, Ann Arbor, Ml), cilostamide and CP-77,059 were syn- 
thesized in house (Glaxo Medicinal Chemistry), tissue culture media 
< endotoxin- tested) and human serum (Gibco-BRL, Gaithersburg, MDi 
and radioactive reagents (New England Nuclear, Wilmington, DE ». 

Results 

Effects of dbcAMP and of PGE, on release of TNFa, 
IL-ip and IL-8 from human monocytes. In order to study 
the effects of selective PDE inhibitors on the production of 
TNFa and IL-10, we first needed to confirm whether in- 
creases in cAMP levels inhibited the release of these cyto- 
kines from adherent humau monocytes cultured in the pres- 
ence of pooled human AB serum (see "Materials and 
Methods"), Under these conditions, the addition of increasing 
concentrations of dbcAMP or PGE, progressively reduced the 



secretion of TNFa and IL-1/3 in response to 1 ^/n\\ of LPS 
(fig. 1). The corresponding increases in cAMP levels in re- 
sponse to PGEi ranged from 30# to 200%. The relative levels 
of cAMP after treatment with 0.01, 0.1 and 1 txM PGE X were 
1.3 ± 0.1, 1.9 ± 0.6 <P < .05) and 3.0 ± 1.2 (P < .05), 
respectively, times the levels observed in untreated controls 
(202 ± 35 fmol/10 6 cells). Secretion of TNFcr was completely 
inhibited by either dbcAMP or PGE It whereas IL-1/3 secre- 
tion appeared to be partially refractory and could never be 
reduced by more than 80%, Interestingly, secretion of IL-8 
remained unaffected, which indicated that not all cytokine 
secretion was subject to modulation by cAMP and that inhi- 
bition was not due to a nonspecific toxic effect on the cells. 
Lack of toxicity was also confirmed by assaying LDH in the 
supernatants tdata not shown). 

Comparison of the effects of nonselective and selec- 
tive PDE inhibitors on monocyte cAMP levels and on 
the secretion of TNF or and IL-1 0 by human monocytes. 
In order to determine which PDE inhibitors could regulate 
the release of cytokines from LPS-stimulated human mono- 
cytes, we compared the effects of nonselective PDE inhibi- 
tors, such as IBMX, theophylline and pentoxifylline to the 
effects of a series of inhibitors with selectivity toward type 111 
or type IV cAMP-PDE. PDE inhibitors were tested at concen- 
trations ranging from 10 nM to 100 fiM. The resulting IC 3ll 
values for inhibition of TNFa and IL-L/3 are shown in table I 
(columns 3 and 4, respectively), together with IC 5n values for 
cAMP-PDEs as reported in the literature (table 1. columns t 
and 2. see Beavo and Reifsnyder, 1990: Nicholson et ai ,1991: 
Silver. 1989; Lowe et o/., 1991). 

Of the nonspecific PDE inhibitors. IBMX was more effec- 
tive at inhibiting cytokine release than either theophylline or 
pentoxifylline In general, these findings correlate with the 
reported rank order for inhibition of cAMP-PDE by these 
nonselective compounds. IBMX affected the secretion of 
TNFa more than the secretion of IL-1/3 (see table 1. paren- 
thetical values for % inhibition at 100 /xM). This result is 
consistent with the observed effects of dbcAMP and of PGR, 
on cytokine secretion (see fig. 1 >. 




■L, ) 1 ^ -20 J 1 1 1 

10 100 10011 ™ «w ■«» 



dbcAMP |uM] PGZ\ [nM| 

Fig. 1. Effect of dbcAMP and of PGE^ on secretion of IL-10, TNFa or IL-8 in LPS-stimulated human monocytes. Monocytes were isolated by 
adhesion in microtiter plates (200,000 peroxidase positive ceMs/well) and treated with dbcAMP (A) or PGE! (B) at the concentrations indicated 
before addition of 1 ^g/ml of LPS. Supernatants were collected after 1 8 h, and levels of TNFa [L). IL-1/3 P), or IL-8 p) were determined by ELISA. 
Basal values from unstimulated control cells were at or below the detection level of the ELISA kits. LPS-stimulated values for 10 b monocytes in 
the absence of other treatment were 2.9 ± 1.3 ng for TNFa, 6.7 ± 0.6 ng for IL-10 and 255 = 83 ng for IL-B. Data presented are the mean % 
inhibition i S.E.M. from three (IL-8) or five (IL-10. TNFa) separate donors. Inhibition of TNFa was statistically significant (P < .05) at all 
concentrations of dbcAMP and of PGE,. Inhibition of IL- 1 (3 was statistically significant (P < 05) at all concentrations of dbcAMP and at 1 >iM PGE, . 
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TABLE 1 

Inhibition of TNFa or 1L-10 by POE inhibitors 0 



Innibrtor 



Nonselective 
IBMX 

Theophylline 
Pentoxifylline 

Type III 

Cilostamide 

CI930 



Reported for Type 111 POE 
Activity 



2 

142 



0.03 
8 



Reported lor Type IV PDE 
Activity 

15 



40 
90 



Measured lor TNFo 
Secretion* 



15.9 (96%) 
100 (43%) 
81.5 (71%) 



100 (51%) 
14.4 (74%) 



Measured (or 11-10 
Secretion'' 



-100 (53%) 
>100 (-13%) 
>100 (7%) 



100 
>100 



( 206%) 
(20%) 



Type tV 
CP-7 7,059 
Rolipram 
Ro20-1724 



52 
150 



004 

2.2 

9 



0.05 (98%; 
0.2 (97%) 
1.9 (96%) 



0.2 (73%) 
4.5 (70%) 
4.5 (70%) 



- 1 Adherent monocytes were treated with PDE inhibitors (concentration range 0.01-100 /iM) and TNFo and IL-1U was measured by EUSA (see "Materials and 
Methods"). LPS-siimulated TNF« and IL- !0 levels were 2 1 - 0.6 (n - 17) and 5.3 i 0 4 (n - 17) ng per 10* ceils, respectively Columns 2 and 3 are representative 
IC 5C values of enzyme mhibitton for type III and type IVcAMP-PDE (Beavo and Reifsnyder. 1990; Ncnolson ef ai .1991; Silver 1989). IC.<, values lor inhibition olTNF,, 
and of IL-10 are shown in columns 4 and 5, and maximum % inhibitions observed at 100 compound are shown in parentheses 

0 Parenthetical values are % inhibition of cytokine secretion at 100 mM compound. 



The two type III cAMP-PDE inhibitors tested, cilostamide 
and CI930, were ineffective at inhibiting TNFa and IL-1/3 
secretion. Cilostamide inhibited the release of TNFa incom- 
pletely and actually enhanced the release of IL-1/3 (see table 
1 1, even though it is one of the most potent inhibitors of type 
III cAMP-PDE. CI930 was more effective than cilostamide at 
inhibiting TNFa and IL-1/3 secretion in spite of its higher 
IC r ,o value for type III cAMP-PDE. Therefore, it appears that 
there is no correlacion between the inhibition of type III 
cAMP-PDE and the secretion of TNFa and IL-1/3 in activated 
monocytes. 

Rolipram and Ro20-1724, which are typically used as spe- 
cific inhibitors of type IV cAMP-PDE, were very effective at 
reducing secreted TNFa and IL-1/3. Rolipram was signifi- 
cantly more potent than Ro20-1724 for the inhibition of 



TNFa secretion, which correlate* with their reported differ- 
ences in rC r>0 values for type IV cAMP-PDE (see table R 
Interestingly, the two compovinds were equi potent at inhib- 
iting secretion of [L-l/3, CP-77.059. a novel potent PDE IV 
inhibitor that is chemically distinct from rolipram and Ro20- 
1724 (Lowe et al.. 1991 1. was the most potent inhibitor in our 
cytokine assays. 

To determine whether differences in cAMP levels corre- 
lated with inhibition of cytokine release, we chose IKMX. 
CI930 and rolipram as representative inhibitors from each of 
the above PDE categories for further analysis. These three 
inhibitors were compared directly over a wide range of doses 
for their ability to elevate cAMP and to inhibit TNFrr and 
IL-1/3. Rolipram elevated cAMP levels substantially more 
(2-3 times basal levels) than IBMX or CI930 (fig. 2A>. Roli- 
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Fig. 2. Effect of rolipram, of CI930 and of IBMX on cAMP levels and cytokine secretion in LPS-stimulated human monocytes. A) Total cAMP levels 
(supernatants and cells lysed with 0.1 % Triton X-100) were measured as described in "Materials and Methods. Duplicate 96- well plates from four 
donors were cultured with increasing concentrations of rolipram (1), CI930 (^.) or IBMX ('") as described for cytokine measurements in B and C 
(see also "Materials and Methods 1 '), but assays were terminated 15 m»n after the addition of LPS. cAMP levels are expressed as relative values, 
setting cAMP levels of LPS-stimulated controls as 1.0. LPS treatment did not significantly elevate cAMP levels compared to unstimulated cells 
(1.45 - 0.70 vs. 1.35 t. 0.65 pmol cAMP/1 0 6 cells, respectively; P .05). B and C) Percent inhibition of TNF^ (B) or IL-10 (C) secretion is shown 
after the addition of increasing concentrations of rolipram (u), CI930 (£) or IBMX (0). LPS-stimulated control values from the same four donors 
used for cAMP measurements were 1.7 z 0.5 ng/10 6 monocytes for TNFnr and 10.0 - 3.5 ng/10 6 monocytes for IL-10. Basal vafues were at or 
below the detection level of the ELISA kits (see fig. 1). The effects ol rolipram on cAMP levels, TNF« and IL-10 were statistically significantly 
different (P < .05) from the effects of IBMX or CI930 on these three responses by analysis of variance (Snedecor, 1956). 
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Fig. 3. Effect of 10 nM PGE, and of 1 /iM indomethacin on rolipram 
enhibrtfon cf TNFa secretion by LPS-st.mulated human monocytes. 
Adherent monocytes were treated with the indicated concentrations of 
rohpram in the absence ( □ ) or presence of PGE, (±) or indomethacin 
(::) for 15 min before stimulation with 1 ^g/m\ of LPS. Supernatants 
were harvested at 16 hr lo quanMate TNFa (pg/10 6 cells) by EL ISA 
assay. The dose-response curve represents one donor, but similar 
results were observed in one (indomethacin) or five (PGE,) additional 
dorors. 

pram was also the best compound to inhibit secretion of 
TNFo (fig. 2B) or IL-10 (fig. 2C) and was effective at concen- 
trations as low as 0.1 piM. These results suggest that mono- 
cytes utilize type IV cAMP-PDE rather than type III cAMP- 
PDE to regulate cytokine secretion. 

Effects of PGEi and of indomethacin on inhibition of 
TNF« by rolipram. If rolipram regulates cytokine secretion 
in monocytes through changes in cAMP levels* the addition of 
PGE! to raise cAMP levels should increase the effectiveness 
of rolipram. This was indeed the case. The IC 50 value for 
rolipram- media ted inhibition of TNFa decreased from 300 
nM to 5 to 10 nM in the presence of 10 nM PGEj (fig. 3V 
Conversely, when indomethaciu (1 jiM) was added to prevent 
synthesis of prostaglandins and subsequent cAJVIP produc- 
tion, the IC 5U value increased, shifting the dose-response 
curve to the right (fig. 3). These findings support the hypoth- 
esis that the effects of rolipram are mediated through cAMP. 

Effects of cAMP-elevating agents on cell -associated 
TNFa and IL-1/3. All of the reagents capable of elevating 
cAMP levels in LPS-stimulated monocytes reduced the level 
of TNFa and JL-1/3 in the supernatants. To determine 
whether these agents were affecting only the secretion of 



these cytokines or their .synthesis u> well, we measured the 
amount of cell-associated TNFa and IL-1/3 in monocytes 
treated with LPS in the presence of cAMP-elevating agents. 
Only a minor proportion of TNFa was detectable as a cell- 
associated form (data not shown j, but more than 50% of 
IL-10 remained associated with LPS-stimulated monocytes 
(compare fig. 4A and 4B), although this ratio varied consid- 
erably among different donors. Under our experimental con- 
ditions, neither rolipram, dbcAMP nor PGE, diminished the 
amount of detectable IL- 1/3 that was cell-associated (fig. 4B), 
although these agents clearly reduced IL-1/3 in the cell su- 
pernatants (fig. 4A). As a positive control, 1 uM dexamctha- 
sone was used to inhibit cell -associated JL-1/3 in these exper- 
iments (92 Z 4 C A inhihition relative to controls with n = 3, 
data not shown). 

Effects of dbcAMP, of PGE, and of rolipram on 
mRNA levels for TNFa and IL-1/3 in LPS-stimulated 
monocytes. To determine whether rolipram regulate* cyto- 
kine expression at. n transcriptional level, monocytes were 
treated with LPS in the presence or absence of 1 uM PGE r . 
100 fiM dbcAMP or varying concentrations of rolipram. 
mRNA was purified from these cells and analyzed hy North- 
ern blot (fig. 5j. Although there was a significant amount of 
IL-l/i mRNA but not of TNFa mRNA in the control samples. 
LPS induced both TNFa and IL-1/3 mRNA approximately 
10-fold. Because these cells were isolated by adhesion and 
therefore might be partially activated. Ihe appearance of 
mRNA for IL-10 was not unexpected iDinarello et a/., 1987k 
In accordance with previous results (Renz et ai. iy*8: 
Serkkola ct a/., 1992), dbcAMP or PGE, significantly reduced 
accumulation of TNFa mRNA (7GCr-90$ i. whereas accumu- 
lation of IL-1/3 mRNA was moderately elevated (25^-45^). 
Rolipram mimicked the effects of these cAMP-elevating 
agents in a dose-dependent manner, which suggested that 
the effects of this cAMP-PDE inhibitor were mediated 
through cAMP. 

cAMP-PDE activity in human monocytes. The above 
results showed that type IV-specific cAMP-PDE inhibitors 
effectively inhibited the appearance of cytokines in the su- 
pernatant from L PS-stimulated monocytes. This suggested 
that type IV-specific cAMP-PDE is the predominant PDE 
typo in LPS-stimulated monocytes. In fact, a roiipram-sensi- 
tive iK, = 1.5 iM\ high-affinity cAMP-PDE had previously 
been isolated from cytosolic fractions of frozen human blood 



A 



B 



Secreted 1L-1B 



Cell-associated 1L-1& 



Control 



dbcAMP 



956 



1241 



Rolipram- 1201 



t -i r 

i s s 

a s s 



Control 



dbcAMP 



TGE1 



Rolipram 




Rg. 4. Effect of 100 dbcAMP, of 1 PGE, and 
of 50 jiM rolipram on cell-associated or secreted 
IL-1 0 in LPS-stimulated human monocytes. Adher- 
ent monocytes were treat fid with or without 1 00 
dbcAMP, 1 PGE, or 50 rolipram for 16 hr in 
the presence of 1 ^g/ml of LPS. IL-1/3 in the super- 
natants (A) and in the lysates (8) was assayed by 
ELISA as described in ''Materials and Methods.' 
Data are expressed as pg of IL-10/1D R ceils and are 
averages from four different donors. Effects of db- 
cAMF and rolipram on secreted IL-10 were staiisti- 
cally significant (P < .05} by analysis ot variance 
(Snedecor. 1956). 
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Fig. 5. TNFa and IL-10 steady-state mRNA levels in LPS-snmulated monocytes treated with dbcAMP, PGE, and rolipram. A) PolyA^ mRNA was 
analyzed by Northern blot analysis from LPS-stimulated monocytes treated with no inducers (control), 1 ^g/ml LPS alone or LPS with 100 
dbcAMP. 1 \M PGE, or rolipram at 10, 1 or 0.1 ^M. The left* middle and right panels show the autoradiogram of the blot after probing with human 
0-actin. TNF« and IL-10 specific probes, respectively (see "Materials and Methods"). B and C) The level of radioactivity for each TNFu and IL-V* 
band was quantitated and normalized to the corresponding /J-actin band (see "Materials and Methods"). The values for TNFn (B; and IL-10 (C) 
were plotted for each treatment as a relative percent of mRNA accumulated compared to the 1 ng/ml LPS-treated sample (100%j. Data shown 
are from a single donor, but monocytes from two additional donors yielded similar results. 



monocytes (Torphy el al, 1992). To isolate cAMP-PDE activ- 
ity nnd determine whether it is predominantly of the type IV 
group, fresh monocytes were obtained by elutriation and 
permeabilized with digitonin to release cytosolic proteins. 
This procedure extracted more than 90$r of cAMP-PDE ac- 
tivity from these cells. Table 2 shows that 70% of cAMP-PDE 
activity in the digitonin extract was inhibited by 10 jxM 
rolipram. When cilostamide (K, = 0.02 for type III PDE) 
or cGMP was used at concentrations expected to inhibit type 
III PDE activity completely, enzyme activity in our prepara- 

TABLE 2 

Effect of selective modulators on cAMP-PDE activity in 
monocyte cytosor* 



Treatment 


cAMP 
Hydrolyzed* 


% 

Inhibition 


Buffer 


74 


- 12 


0 


Rolipram 


23 


±5 


72-5 


Cilostamide 


65 


i 3 


26 * 6 


cGMP 


71 


- 3 


19 L 5 



* cAMP-PDE activity in digitonin extracts from elutriated monocytes was as- 
sayed in the absence (buffer) or presence of 10 rolipram. 10 /iM cilostamide 
or 10 /iM cGMP {see "Materials and Methods**). The values shown lor cAMP-POE 
activity are averages = S.E.M. from three different donors, representing three 
independent experiments. Inhibition of cAMP-PDE activity by rolipram was sta- 
tistically significantly differenl IP < .05) Irom inhibition by either cilostamide or 
cGMP by analysis of variance (Snedecor. 1956). 

0 fmol of cAMP hydrolyzed/mirv'mg protein. 



tions was reduced by only 20'? . These data confirm that most 
of the cytosolic PDE in monocytes is type IV cAMP-PDE 
'Thompson et a/., 1976: Torphy ct at., 1992 i. 

Discussion 

En order to determine whether human blood monocytes 
possessed a cAMP-PDE activity that could modulate cAMP 
levels and regulate cytokines, we investigated the potential 
for specific PDE inhibitors to lower TNFu and IL-1/3 produc- 
tion in LPS-stimulated human peripheral blood monocytes. 
Raising cAMP levels directly by adding dbcAMP to LPS- 
stimulated monocytes reduced the appearance of hoth TNFrt 
and IL-1/3 in the supernatants. At all concentrations of db- 
cAMP tested, TNFa was reduced more effectively than IL-1/3. 
Activation of adenylate cyclase by PGE, was effective in 
raising the levels of intracellular cAMP in LPS-.stimulated 
monocytes and was as effective as dbcAMP in inhibiting the 
appearance of secreted TNFa and IL-10. The inhibition by 
PGE L was dose-dependent and was more effective for TNFa 
than for IL-1/3. 

PDE inhibitors were also capable of raising intracellular 
cAMP levels and of inhibiting TNFa and IL-1/3 in the super- 
natants of LPS-stimulated monocytes. The two chemically 
related compounds rolipram and Ro20-1724, which are typ- 
ically used to target type IV cAMP-PDE selectively, were 
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potent inhibitors of cytokine release. CP-77,059. another in- 
hibitor of type IV cAMP-PDE, which is chemically distinct 
from rolipram, was the most potent compound among all the 
inhibitors tested in our assays. The order of potency for 
inhibition of TNFa secretion for these type IV cAMP-POE 
inhibitors correlated with their reported 1G W , values for PDE 
IV inhibition (see table 1). In contrast, compounds specific for 
type III cAMP-PDE (C1930 and cilostamide) were ineffective 
in reducing the secretion of IL-l/J and inhibited the release of 
TNFa only at high concentrations where these, compounds 
lose their selectivity. The nonselective PDE inhibitors theo- 
phylline and pentoxifylline significantly diminished TNFa in 
the supernatant? but were effective only at >50 jiM 1BMX 
was consistently the most potent of the nonselective inhibi- 
tors in reducing supernatant levels of TNFa and of IL- 1/3, but 
1BMX was still 100 times less effective than rolipram in these 
assays. The above inhibitor profiles agree well with similar 
recent reports (Molnar-Kimbcr et ai t 1992; Semmler et a/., 
1993) and indicate that monocytes are .similar to neutrophils 
and basophils in that their activation can be regulated by 
typelVcMIP-PDElNielsone/a/., 1990; Peachell etaL, 1992; 
Verghese et al. y 1989). This enzyme also appears to be the 
predominant enzyme present in monocytes, because rolipram 
was much more effective than cilostamide in inhibitingcAMP 
degradation in cytosol prepared from fresh or frozen periph- 
eral blood monocytes (our data and Torphy a/., 1992 

Significant inhibition of TNFor or IL-1/3 release occurred ai 
drug concentrations where increases in total cAMP levels 
were barely detectable. For example, TNFa secretion was 
inhibited 60<* by 0.1 fxM rolipram and 50% by 0.03 »M PGE , 
without a significant change in cAMP level. Similar' observa- 
tions have been repoi*ted in other systems, such as Leydig 
cells and granulosa cells, where substantial increases in ste- 
roid hiosynthesis occur at concentrations of hormones that do 
not elicit det ectable changes in levels of cAMP (Pereira et at., 
1987). It is possible that localized elevations of cAMP that are 
not detectable with current methodologies are sufficient to 
do wnregu late TNFa and IL-1/3, but we cannot exclude cA>IP- 
independent mechanisms. Nevertheless, the finding that 
three different methods of raising intracellular cAMP levels 
had similar effects on these two cytokines strongly implicates 
cAMP as the mediator of these effects in human monocytes. 

cAMP-elevating agents appear to regulate IL-1/3 produc- 
tion in LPS-stimulated monocytes differently than they do 
TNFa production. It is shown here that elevating cAMP 
levels in many different ways does not affect the overall 
synthesis of IL-1/3 hut only diminishes the secreted amount. 
This agrees with recently published data on the effects of 
cAMP levels on IL-1/3 production by human monocytes fVi- 
herluoto et ai, 1991), but it contrasts with earlier reports 
that concluded that PGE 2 serves as a negative-feedback reg- 
ulator for IL-1/3 production in these cells as well as in murine 
macrophages (Dinarelloc* al., 1987; Brandweiu, 1986). How- 
over, many of the earlier studies nsed cell proliferation as- 
says rather thau immunological methods to quantitale JL-ljtf 
and are therefore not directly comparable. 

Previous studies have showed that cAMP rednces TNFa 
steady-state mRNA levels without affecting IL-lj3 mRNA 
accumulation 'Knudsen et aL, 198B; Scales et ai, 1989). To 
determine whether this correlation is observed in the pres- 
ence of type IV cAMP-PDE inhibitors, we performed North- 
ern blots to quantitate TNFa aud IL-1/3 mRNA levels in 



cAMP-POE IV Regulates TNF and IL-1 1319 

monocytes treated nith LPS and rolipram. Rolipram dramat- 
ically reduced mRNA accumulation for TXFo but increased 
steady-state IL-1/3 mRNA levels. Similar enhancement of 
mRNA levels for IL-1/3 has been observed in monocytes 
treated with dbcAJVIP or PGE 2 fSerkkola et al., 1992; Sung 
and Walters, 1991), This again suggests that the effects of 
rolipram are mediated through changes in cAMP levels. Like 
other cAMP-elevating agents, rolipram apparently regulates 
the synthesis of TNFa at a transcriptional level, whereas the 
expression of IL-1/3 clearly is regulated both transcriptionally 
and post-translationally. Although it is not shown here how 
cAMP levels affect IL-10 production post-trauscriptionally. 
our data support those of others that indicate that cAMP 
interferes with secretion of 1L-10 rather than with other 
steps in the biosynthetic pathway (Scales et o/., 1989: Viher- 
luoto W a/., 1991). 

Regardless of whether the regulation is transcriptional or 
post- transcriptional, inhibitors of type IV cAMP-PDE are as 
effective as other cAMP-elevating agents in diminishing lev- 
els of TNFa and IL-1/3 in supernatants from LPS-acli voted 
monocytes. Selective inhibitor* uf typo IV cAMP-PDE could 
thus provide a novel way to combat acute and chronic inflam- 
matory diseases wherein these cytokine.- play important 
roles. The finding that multiple genes code for roli pram- 
sensitive type IV PDE isozymes raises the possibility of dis- 
covering more highly selective inhibitors that may differen- 
tiate among isozymes within this class (Benvu and 
Reifsnyder, 1990: Conti and Swinnen, 1990). The existence of 
these genes, which are different i ally expressed in somatic 
and germ line cells of rat testis < Conti and Swinnen. 1990;. 
suggests that tissue-specific inhibitors of type IV cAMP- 
PDEs could he developed as specific therapeutic agents. 
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